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Introduction

I I have developed a new NuMu CC energy estimator based on a
Recurrent Neural Network for NOvA.

I I have ported this energy estimator to DUNE and will present
technical implementation details.

I Many Thanks to Christopher Backhouse for navigating me through
the porting process.
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DUNE RNN EE. Overview

I In order to reconstruct νµ energy, I have used information from
particles found by Pandora.

I From all PFParticle found by Pandora I have selected only the ones
that have associated track or shower.

I And I have used a Recurrent Neural Network to aggregate
information from all particles and predict a νµ energy.



4/15

DUNE RNN EE. Inputs

Pandora PFParticle:
particle.is_shower
particle.length
particle.start.{x,y,z}
particle.dir.{x,y,z}
particle.energy
particle.calE
particle.charge
particle.nHit

Event vars:
addr.run
reco.event.calE
reco.event.charge
reco.event.nHits
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DUNE RNN EE Architecture
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Unoptimized architecture RNN Energy Estimator. png3d inputs
correspond to PFParticles found by Pandora. slice inputs are the global

information about event.
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DUNE RNN EE. Setup

I Used MCC11 dataset:
prodgenie_nu_dune10kt_1x2x6_mcc11_lbl_reco

I I have required the following preselection for Training Sample:
I mc.isCC && (abs(mc.pdg) == 14)
I mc.nuE < 5.0
I reco.numue.longestTrackContained

I Additionally I have required that truth vertex is contained in the
fiducial volume for the Evaluation Sample.

I Problem: entire MCC11 dataset has only 200k events – not
sufficient for fully optimized training.
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DUNE RNN EE. Neutrino Energy Resolution
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RNN EE (RMS 12%) has better energy resolution that the DUNE
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DUNE RNN EE. Muon Energy Resolution
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DUNE RNN EE. Hadronic Energy Resolution
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DUNE RNN EE. Means of Energy Resolution vs True Energy
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Bias at low/high energies can be easily fixed by event reweighting
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DUNE RNN EE. RMS of Energy Resolution vs True Energy
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Performance drop at low/high energies can be easily fixed by event
reweighting
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DUNE RNN EE. Status and Implementation

I RNN EE uses TensorFlow to evaluate neural networks.

I Code to evaluate RNN EE is complete (pending final round of
testing). I can send a PR to DUNE repo within 1-2 weeks.

I NOTE: RNNs are implemented in TensorFlow using modern SIMD
instructions. About 10% of grid nodes do not support them → need
to filter out old grid nodes when evaluating RNNs.
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DUNE RNN EE. Profiling. Run Time.
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DUNE RNN EE. Run Time.

I It takes 57 ± 26ms to construct input tensor.

I It takes 2.5 ± 0.8ms to evaluate neural network.

I Callgrind blames DUNEAnaPFParticleUtils::GetHits. I may need
help optimizing input construction time.
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DUNE RNN EE. Conclusions

I RNN EE on DUNE achieves better energy reconstruction RMS 12%
vs 19% for Kinematic EE.

I dunetpc module to evaluate network is almost ready.

I There is a lot of room for optimizing neural network.
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Backups
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NOvA. Standard Energy Estimator.

NOvA’s NuMu CC (νµ → µ+ Had) energy estimator is similar to
DUNE’s NuMu CC energy estimator:

1. Find muon track (blue) and estimate Eµ from muon track length.
2. Estimate EHad from calorimetric energy of hadronic hits (yellow).
3. Eν = Eµ + EHad.
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NOvA. RNN Energy Estimator.
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NOvA’s RNN NuMu CC (νµ → µ+ Had) energy estimator:
I It looks at all reconstructed particles in each event.
I It reads their calorimetric energy, number of hits, direction,

dimensions, PID, energy and momenta.
I And predicts the νµ and µ energies.
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NOvA. RNN Energy Estimator Performance
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RNN energy estimator is better than the Standard in terms of RMS 9.4%
vs 10.8%.
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Coarse vs Fine Binning

2.0 1.5 1.0 0.5 0.0 0.5 1.0 1.5 2.0
(Reco - True) / True Neutrino Energy

0

2000

4000

6000

8000

10000

12000

14000

Ev
en

ts

Base 

Stats:
Mean 9.376e-03
RMS 1.989e-01
Std 1.987e-01

Gauss:
Mu 2.206e-02
Sigma 1.719e-01
Peak 7.820e+03

Model

Stats:
Mean -1.249e-02

RMS 1.190e-01
Std 1.184e-01

Gauss:
Mu -1.137e-02

Sigma 8.954e-02
Peak 1.436e+04

(a) Coarse Binning

1.00 0.75 0.50 0.25 0.00 0.25 0.50 0.75 1.00
(Reco - True) / True Neutrino Energy

0

250

500

750

1000

1250

1500

1750

Ev
en

ts

Base 

Stats:
Mean 6.817e-03
RMS 1.905e-01
Std 1.903e-01

Gauss:
Mu 9.405e-02
Sigma 2.230e-01
Peak 8.209e+02

Model

Stats:
Mean -1.213e-02

RMS 1.168e-01
Std 1.161e-01

Gauss:
Mu -6.107e-03

Sigma 5.869e-02
Peak 1.779e+03

(b) Fine Binning



6/11

DUNE. RNN Coarse Binning vs Kinematic EE
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Good agreement between my reproduction of Kinematic energy resolution
and results by Nick Grant (APS DPF 2017)
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DUNE Flat RNN EE. Neutrino Energy Resolution
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RNN EE (RMS 13%) has better energy resolution that the DUNE
Kinematic EE (RMS 19%)
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DUNE Flat RNN EE. Means of Resolution vs True Energy
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DUNE Flat RNN EE. RMS of Resolution vs True Energy
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DUNE RNN EE. Variable Importance. Event Level
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High addr.run is an artifact, its importance is zero.
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DUNE RNN EE. Variable Importance. Particle Level
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